
















































































































It	 is	not	 feasible	 to	remediate	all	 shipwrecks	due	 to	 large	costs,	but	a	proactive	
approach	would	 reduce	 the	 need	 for	 and	 high	 costs	 of	 reactive	 response	 in	 case	 of	 a	
discharge.		Until	now,	there	were	no	comprehensive	probabilistic	method	for	assessing	
the	environmental	 risk	posed	by	 shipwrecks	 in	order	 to	provide	necessary	 support	 to	
decision‐makers.	
In	 order	 to	 prioritise	 and	 effectively	 use	 resources,	 proper	 decision	 support	 is	




was	 performed	 in	 order	 to	 identify	 development	 needs.	 Based	 on	 the	 comparison,	 a	
generic	 framework	 for	risk	management	of	 shipwrecks	was	suggested.	Furthermore,	a	
method	 for	 estimating	 the	 probability	 of	 discharge	 of	 hazardous	 substances	 was	
developed,	 using	 a	 probabilistic	 fault	 tree	 method.	 The	 method	 makes	 it	 possible	 to	
consider	 possible	 activities	 that	 may	 damage	 the	 wreck	 as	 well	 as	 physical	 and	
environmental	conditions	affecting	the	wreck.	An	approach	for	consequence	assessment	
of	 discharges	 from	 shipwrecks,	 consisting	 of	 an	 aggregation	 of	 methods	 was	 also	
developed	within	this	thesis	work.	
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15,000	 tonnes	 of	 bunker	 oil	 (Larsson	 et	 al.,	 2011).	 Many	 shipwrecks	 have	 been	
deteriorating	on	the	seabed	for	several	years	and	many	originate	from	the	Second	World	
War	 containing	 unknown	 amounts	 of	 oil	 and	 other	 hazardous	 substances.	 Oil	 can	 be	
present	both	as	bunker	and	cargo,	making	it	the	most	common	hazardous	substance	in	




is	 a	 need	 for	 guidance,	 decision‐making	 support	 and	 methods	 to	 assess	 and	 handle	







the	 release	occurs,	 the	spreading	rate	of	 the	oil	 slick	and	 the	 type	of	oil	 (Michel	et	al.,	
2005).	 Oil	 discharged	 into	 a	marine	 environment	 is	 harmful	 to	 living	 organisms	 (e.g.	
Kingston,	2002;	Lindgren,	2015).	Oil	spills	can	also	cause	economic	damage	to	property	












operation.	Nevertheless,	 it	 is	 very	 costly	 to	 remediate	 shipwrecks.	 It	 is	 estimated	 that	
remediation	 of	 one	wreck	 could	 cost	USD	1‐100	million	 (Michel	 et	 al.,	 2005)	 and	 it	 is	
therefore	not	 economically	 feasible	 to	 remediate	 every	 sunken	 shipwreck.	The	300	or	
more	wrecks	only	in	Sweden	mentioned	previously	would	cost	hundreds	of	millions	of	
dollars	to	remediate.	To	deal	with	the	problem	of	potentially	polluting	shipwrecks,	there	
is	 a	 vital	 need	 for	 decision	 support	methods	 to	 facilitate	 prioritisation	 of	wrecks	 and	
identification	of	how	available	resources	can	be	used	most	efficiently.	
	
Shipwreck	 risk	 assessment	 requires	 knowledge	 from	 many	 fields	 and	 collaboration	
between	 several	 bodies	 to	 make	 relevant	 decisions	 regarding	 potential	 mitigation	
measures.	 A	 key	 aspect	 of	 utilising	 available	 resources	 efficiently	 is	 to	 facilitate	






that	 are	 widely	 employed	 in	 several	 disciplines,	 including	 engineering,	 ecotoxicology,	
public	 health	 and	 economics	 (Burgman,	 2005).	 Risk	 assessment	 is	 part	 of	 risk	
management	and	 includes	Risk	 identification,	Risk	analysis	 and	Risk	evaluation.	 Several	
approaches	 to	 risk	 assessment	 specific	 to	 shipwrecks	 can	 be	 found	 in	 the	 literature	
(Alcaro	et	al.,	2007;	Etkin	et	al.,	2009;	Idaas,	2005;	Louzis	et	al.,	2009;	Michel	et	al.,	2005;	
NOAA,	2009;	NOAA,	2013;	SPREP	and	SOPAC,	2002;	Ventikos	et	al.,	2013;	Ventikos	et	al.,	
2016).	 However,	 studies	 presented	 in	 this	 thesis	 show	 that	 current	 methods	 fail	 to	
provide	a	holistic	and/or	fully	probabilistic	risk	assessment	of	shipwrecks.	Consequently,	
























including	 a	 method	 for	 estimating	 the	 probability	 of	 discharge	 of	 hazardous	
substances	 and	 an	 approach	 for	 making	 a	 consequence	 assessment	 of	 such	 a	








by	 using	 a	 logic	 tree	 model	 for	 estimating	 the	 probability	 of	 discharge	 of	 hazardous	
substances.	An	expert	panel	was	also	involved	to	gather	information	on	uncertain	aspects	
of	 the	 probability	 of	 discharge.	 Release	 of	 hazardous	 substances	 into	 the	 marine	





















water	 temperature.	 A	 total	 probability	 of	 discharge	 is	 estimated	 by	 combining	 the	
probability	 of	 opening	 with	 the	 rate	 of	 hazardous	 activities	 and	 the	 probability	 that	
hazardous	substances	are	still	contained	in	the	wreck.	The	fault	tree	method	provides	the	
foundation	 for	 the	 VRAKA	 tool,	 an	 Excel‐based	 tool	 for	 estimating	 the	 probability	 of	
discharge	 from	 shipwrecks.	 Paper	 III	 presents	 the	 structure	 and	 outcomes	 of	 a	
comprehensive	 expert	 elicitation	 process	 that	 provided	 further	 input	 to	 the	 fault	 tree	

































assessment	 results	 aim	 to	 support	 prioritisation	 of	 wrecks	 and	 decisions	
regarding	measures	for	preventing	leakage	of	oil,	although	the	actual	process	




hazardous	 substances.	 This	 thesis	 is	 focused	 on	 shipwrecks	 located	 in	






































Aven	 (2010)	 argues	 that	 uncertainty	 should	 be	 included	 in	 the	 definition	 of	 risk	 and	
suggests	that	probability	is	only	a	tool	to	express	or	represent	uncertainty	and	that	risk	is	
not	limited	to	an	initiating	event,	its	consequences	and	the	associated	probabilities.	 Aven	
(2010)	 further	 discusses	 that	 probabilities	 assigned	 are	 based	 on	 background	


















combination	 of	 the	 frequency,	 or	 probability,	 of	 occurrence	 and	 the	 consequence	 of	 a	
































































approach	 (Michel	 et	 al.,	 2005;	 Etkin	 et	 al.,	 2009).	 There	 are	 also	major	 uncertainties	
associated	with	assessing	the	risk	of	hazardous	discharges	from	wrecks,	mainly	because	
there	 are	 few	measurements	 of	 how	different	 activities,	 such	 as	 construction	work	 or	
trawling,	affect	wrecks	(Michel	et	al.,	2005).	The	lack	of	measurements	and	available	data	






As	 mentioned	 in	 the	 introductory	 chapter,	 there	 are	 a	 number	 of	 factors	 that	 cause	
shipwrecks	 to	 deteriorate	 and	 ultimately	 this	 can	 lead	 to	 a	 discharge	 of	 hazardous	
substances	such	as	oil.	An	obvious	prerequisite	is	that	the	wreck	still	contains	hazardous	
cargo	 or	 bunker	 fuel	 for	 propulsion.	 A	 number	 of	 hazardous	 activities	 that	 carry	 the	
possibility	 of	 inducing	 discharge	 of	 oil	 from	 wrecks	 have	 been	 identified	 through	
literature	 reviews	 (Louzis	 et	 al.,	 2009;	 Michel	 et	 al.,	 2005;	 Etkin	 et	 al.,	 2009)	 and	
brainstorming	events	with	groups	of	experts	 in	which	Swedish	waters	are	used	as	 the	
focal	area.	Some	activities	are	induced	by	humans	whilst	other	activities	have	natural	or	
environmental	causes.	Below	 is	a	description	of	each	of	 the	eight	 identified	hazardous	


















































































In	 order	 to	 enter	 into	 a	 dialogue	 with	 stakeholders	 and	 to	 ensure	 an	 exchange	 of	
information	with	relevant	parties,	communication	and	consultation	are	important	during	
all	 the	 risk	management	 phases.	Monitoring	 and	 review	 should	 also	 be	 part	 of	 a	 risk	
management	 process,	 including	 providing	 input	 to	 improve	 the	 process,	 detecting	
changes	 that	should	be	reflected	 in	earlier	stages,	and	 identifying	emerging	risks	 (ISO,	
2009).	
Risk	management	can	be	a	help	to	decision‐makers	when	making	informed	actions	and	









As	 noted	 above,	 the	 purpose	 of	 risk	 assessment	 is	 to	 provide	 input	 and	 support	 to	 a	
decision‐making	 process	 (Burgman,	 2005).	 It	 is	 performed	 within	 many	 disciplines	
including	medicine,	engineering	and	environmental	regulation	(Suter,	2007).	The	main	
steps	 in	 risk	 assessment	 are	 risk	 identification,	 risk	 analysis	 and	 risk	 evaluation	 as	
described	above	(ISO,	2009).	
	
Numerous	 tools	 are	 available	 for	 hazard	 and	 consequence	 identification,	 such	 as	
checklists	and	brainstorming,	hazard	matrices,	hazard	and	operability	analysis	(HAZOP),	
failure	modes	and	effects	analysis	(FMEA)	and	hierarchical	holographic	modelling	(HHM).	






















adverse	 effects,	 mitigating	 risk,	 and	 balancing	 costs	 and	 benefits,	 are	 some	 examples	
(Suter,	2007).	Criteria	of	this	nature	can	be	termed	utility‐based	and	rights‐based	criteria	
where	the	former	are	based	on	a	valuation	of	outcomes	while	the	latter	are	focused	on	










risks	 are	 ordered.	 Risk	 classification	 involves	 assigning	 risks	 as	 e.g.	 acceptable	 or	


































made	 and	 that	 uncertainties	 are	 involved	 (Suter,	 2007).	 Uncertainty	 is	 a	 far‐reaching	
concept	 and	 can	 emerge	 from	 statistical	 variation,	 linguistic	 indistinctness,	 variability,	














handling	 uncertainties	 in	 risk	 analysis.	 One	 approach,	 applied	 in	 this	 thesis,	 is	
probabilistic	risk	analysis,	also	known	as	quantitative	risk	analysis,	which	can	be	used	to	
estimate	 or	 cope	 with	 uncertainties	 regarding	 our	 knowledge	 about	 probability	 and	
associated	consequences	(e.g.	Bedford	and	Cooke,	2001).		




mathematically	 combined	with	old	 information	 to	provide	better	decisions	 (Bernstein,	
1996).	Bayesian	probability	is	a	belief‐type	approach	an	assessor	can	apply	to	rationally	
change	 a	 belief	 when	 new	 evidence	 is	 found	 (Hacking,	 2001).	 When	 applying	 Bayes’	
theory,	 a	 prior	 distribution	 can	 be	 updated	 to	 a	 posterior	 distribution.	 The	 prior	
distribution	is	based	on	knowledge,	including	measurement	data,	and	expertise,	while	the	
posterior	 distribution	 also	 acknowledges	 additional	 information,	 e.g.	 from	 a	 newly	
performed	 sampling	 campaign.	 The	 extensive	 use	 of	 the	 Bayesian	 approach	 can	 be	
attributed	 to	 the	 possibility	 of	 combining	 expert	 judgements	 with	 scientific	 evidence	
(Bedford	and	Cooke,	2001).		














axioms	 of	 probability.	 For	 example,	 if	 a	 probability	 of	 an	 event	 occurring	 is	 pi,	 the	
complement,	 i.e.	 the	 event	 not	 occurring,	 is	 1‐pi	 (Morgan	 and	 Henrion,	 1990).	 In	 this	
thesis,	the	Bayesian	or	subjectivist	approach	is	applied	since	there	is	a	lack	of	background	




A	main	 focus	of	 this	 thesis	was	 to	develop	 a	method	 for	 calculating	 the	probability	 of	
discharge	 of	 oil	 from	 shipwrecks.	 A	 Bayesian	 approach	 was	 applied	 to	 estimate	
probabilities	 as	 degrees	 of	 belief.	 An	 assessment	 of	 site‐specific	 and	 wreck‐specific	
parameters	was	applied	to	update	earlier	estimations	of	the	probability	of	opening	in	a	
wreck.	Since	the	background	information	and	knowledge	for	the	probability	estimation	is	













In	 Paper	 I,	 Evaluating	 the	 needs	 of	 risk	 assessment	 methods	 of	 potentially	 polluting	
shipwrecks,	 six	 methods	 and	 approaches	 for	 risk	 assessment	 of	 shipwrecks	 were	
analysed	in	order	to	evaluate	if	they	could	provide	relevant	decision	support	in	this	area.	
The	identified	methods	were	compared	to,	in	the	case	for	shipwrecks,	relevant	parts	of	
the	 ISO	 standard	 for	 risk	 assessment,	 ISO	 31000,	 Risk	 management	 –	 Principles	 and	
guidelines	(ISO,	2009),	see	Section	2.1	for	further	details	of	the	standard.	More	explicitly,	
parts	 assumed	 to	 be	 relevant	 correspond	 to	 the	 necessary	 steps	 for	 a	 comprehensive	











The	 methods	 and	 approaches	 for	 risk	 assessment	 of	 wrecks	 were	 found	 in	 scientific	
papers	 and	 other	 official	 reports.	 Other	 material,	 such	 as	 the	 Nairobi	 International	
Convention	on	the	Removal	of	Wrecks	(International	Maritime	Organization,	2007),	was	
not	included	since	it	was	not	intended	as	a	framework	for	risk	assessment	of	shipwrecks.	
Furthermore,	 the	 IMO	 Guidelines	 for	 Formal	 Safety	 Assessment	 (FSA)	 (International	
Maritime	Organisation,	2002)	is	excluded	since	it	is	not	a	wreck‐specific	guideline.		
The	evaluated	methods	and	approaches	were:		




B. Michel	 et	 al.	 (2005)	 presented	 an	 oil	 release	 risk	 assessment	 guide	 for	
shipwrecks.	 The	 goal	 was	 stated	 as	 being	 to	 objectively	 analyse	 shipwrecks	













C. DEvelopment	 of	 European	 Guidelines	 for	 Potentially	 Polluting	 Shipwrecks	
(DEEPP)	aimed	to	provide	European	coastal	states	and	national	administrations	





have	 a	 complete	 overview	 of	 shipwrecks	 along	 the	 Norwegian	 coast	 (Idaas,	
2005).	
	
E. The	 Pacific	 Ocean	 Pollution	 Programme	 (PACPOL)	 within	 the	 South	 Pacific	
Regional	Environment	Programme	(SPREP)	was	aimed	at	pollution	of	the	marine	













H. Ventikos	 et	 al.	 (2013)	 presented	 the	 development	 of	 an	 application	 for	 risk	
analysis	of	shipwrecks	in	Greek	waters.	A	database	was	developed,	an	approach	




on	 the	 situation	 in	 Greece”,	 Ventikos	 et	 al.	 (2016)	 presented	 a	 method	 for	
estimating	 the	 probability	 of	 release	 using	 dynamic	 fault	 tree	 modelling.	



























found	 provide	 some	 guidance	 but	 none	 provide	 comprehensive	 support	 for	 decision‐
making	 with	 regard	 to	 shipwrecks.	 To	 some	 extent,	 the	 new	 methods	 comprised	




	 A	 B	 C	 D	 E	 F	 G	 H	 I	
Establishment	of	the	context	
 Scope	 	 	 	 	 	 	 	 	 	
 Defining	risk	criteria	 	 	 	 	 	 	 	 	 	
‐ Ship	selection	 	 	 	 	 	 	 	 	 	










 Sources	of	risks	 	 	 	 	 	 	 	 	 	
 Areas	of	impact	 	 	 	 	 	 	 	 	 	
 Events	 	 	 	 	 	 	 	 	 	
 Causes	of	events		 	 	 	 	 	 	 	 	 	
Risk	analysis	
 Estimation	of	consequences	 	 	 	 	 	 	 	 	 	
 Estimation	of	likelihood	
							/probabilities	of	consequences	 	 	 	 	 	 	
	 	 	
 Risk	estimation	 	 	 	 	 	 	 	 	 	
‐ Qualitative	 	 	 	 	 	 	 	 	 	
‐ Semi‐quantitative	 	 	 	 	 	 	 	 	 	
‐ Quantitative	 	 	 	 	 	 	 	 	 	
 Uncertainty	analysis	 	 	 	 	 	 	 	 	 	
 Sensitivity	analysis	 	 	 	 	 	 	 	 	 	
Risk	evaluation	
 Comparison	of	risk	levels	with	risk	criteria	 	 	 	 	 	 	 	 	 	












and	 Ventikos	 et	 al.	 (2013)	 includes	 uncertainty	 analysis	 while	 Ventikos	 et	 al.	 (2016)	
includes	both	sensitivity	analysis	and	addresses	the	issue	of	uncertainty.	It	should	also	be	
pointed	out	that	some	of	the	approaches	compared	are	at	the	preparatory	stage	while	e.g.	









link	 between	 risk	 management	 and	 decision‐making.	 The	 suggested	 framework	 is	













Environmental	 risk	 management	 of	 shipwrecks	 is	 complex	 and	 should	 therefore	 be	
performed	in	a	structured	way.	A	generic	framework	for	risk	management	of	shipwrecks	
was	suggested	in	Paper	I	(Figure	6Figure 1),	based	on	ISO	(2009),	which	is	an	international	
standard.	 The	 purpose	 was	 to	 emphasise	 the	 link	 between	 decision‐making	 and	 risk	







should	 be	 continuously	 involved	 in	 the	 different	 steps.	 A	 review	 should	 be	 made	 to	
incorporate	new	information	and	update	parts	of	the	risk	management	work	during	the	
process	 if	 necessary	 (ISO,	 2009).	 Furthermore,	 the	 complexity	 implies	 that	 a	 team	 of	
experts	should	be	 involved	to	ensure	 that	knowledge	of	marine	activities,	 the	physical	
properties	of	a	ship,	the	risk	assessment	process	and	other	factors	are	duly	considered.	
	
The	 framework	 presents	 a	 holistic	 risk	 management	 structure	 for	 shipwrecks	 and	 is	
based	on	well‐established	views	of	risk	management.	Only	by	applying	a	comprehensive	
framework	 and	 adopting	 a	 holistic	 view	 of	 the	 problem	 can	 a	 full	 risk	 management	




The	 framework	advocates	proactive	 risk	management	 to	mitigate	 the	 risk	of	pollution	
from	 shipwrecks.	 However,	 risk	 assessment	 cannot	 be	 the	 sole	 source	 of	 information	






















means	 for	 estimating	 the	 probability	 of	 discharge	 of	 hazardous	 substances.	 Expert	
elicitation	and	the	SHELF	package	(Sheffield	Elicitation	Framework)	are	applied	in	Paper	
III	for	obtaining	input	data	for	VRAKA.	The	Digital	Environmental	Atlas	and	the	oil	spill	










Fault	 trees	 on	 the	 other	 hand	 seek	 to	 find	 the	 actions	 or	 events	 that	 cause	 such	 an	
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      Equation	1	
	
	 	 	 	 	 	 	




Cooke,	 2001).	 It	 is	 based	 on	 random	 sampling	 and	 provides	 a	 means	 to	 cope	 with	
uncertainty	in	input	information	and	results	(Burgman,	2005).	In	VRAKA,	input	data	is	






















Expert	 judgement	 is	 almost	 unavoidable	 in	 environmental	 risk	 assessment.	 When	
empirical	 evidence	 or	 extrapolations	 are	 not	 available,	 experts	 can	 step	 in.	 They	 can	
estimate	 intervals	 and	 make	 point	 estimates	 or	 statistical	 distributions	 by	 using	































occurrence	can	be	brought	 to	mind	(Tversky	and	Kahneman,	1974).	The	easier	 it	 is	 to	
recall	an	event,	the	higher	the	assessment	of	probability.	An	event	with	low	frequency	but	
high	media	coverage	would	thus	also	be	assigned	a	high	probability	(O'Hagan	et	al.,	2006).	




























definitions	 containing	 non‐human	 entities,	 such	 as	 endangered	 animals	 and	 plants	
(Burgman,	2005).	The	public	as	a	whole	can	have	an	interest	in	environmental	decisions	







the	 right	 stakeholders	 for	 the	 problem	 at	 hand,	 eliciting	 information	 rigorously	 and	
applying	 appropriate	 analysis	 techniques.	 There	 should	 be	 a	 clear	 statement	 and	
communication	of	the	purpose	of	the	assessment	to	the	stakeholders.	A	clear	and	honest	








Several	 approaches,	 general	 suggestions,	 methods	 and	 guidelines	 for	 eliciting	 expert	
opinion	and	subjective	probabilities	are	described	in	the	 literature	(Walls	and	Quigley,	
2001;	 Cooke,	 1991;	 Morgan	 and	 Henrion,	 1990;	 Meyer	 and	 Booker,	 2001;	 Jenkinson,	
2005;	 Phillips,	 1999;	 Cooke	 and	 Goossens,	 2000;	 Kuhnert	 et	 al.,	 2010;	 Ayyub,	 2001).	












effectively	 with	 the	 experts.	 Preparation	 of	 the	 elicitation	 session	 and	 arranging	 the	
required	documents	are	also	part	of	the	first	step	(O'Hagan	et	al.,	2006).		
	






and	 Von	 Winterfeldt	 (1997):	 tangible	 evidence	 of	 expertise,	 reputation,	 willingness	 to	
participate	and	availability,	understanding	of	the	general	problem	area,	lack	of	an	economic	
or	personal	stake	in	the	potential	findings	and	impartiality.	O'Hagan	et	al.	(2006)	also	point	




should	 be	 informed	 about	 why	 their	 judgement	 is	 sought	 and	 how	 the	 results	 of	 the	
elicitation	will	 be	used.	 Furthermore,	 it	 is	 suggested	 that	 a	 record	 is	 kept	 and	 that	 its	
purpose	 is	 explained	clearly	 to	 the	experts.	 Jenkinson	 (2005)	also	points	out	 that	 it	 is	
important	to	establish	a	good	bond	with	the	experts	and	provide	them	with	support	and	
























a	 formal	 procedure	 for	 an	 elicitation	 process	 and	 improves	 quality	 and	 defensibility.	
SHELF	is	a	tool	and	provides	advice	and	guidance	on	the	process	for	a	facilitator.	SHELF	
can	be	applied	to	elicit	distributions	for	one	or	more	experts	as	a	group	and	the	package	














the	SHELF	package	 includes	procedures	adapted	 to	 the	 statistical	 software	package	R,	
Rpanel,	 for	 performing	 this.	 By	 visualising	 the	 distributions,	 the	 experts	 are	 given	 the	
opportunity	 to	 provide	 feedback	 and	 revise	 their	 estimations	 in	 order	 to	 produce	 the	
distribution	they	believe	in.			
5.3. Oil	spill	trajectory	modelling	and	Seatrack	Web	
In	 order	 to	 adequately	 determine	 the	 spreading	 of	 oil	 discharge	 in	 the	 marine	
environment,	oil	spill	trajectory	modelling	is	required.	One	example	of	such	a	tool	is	the	








to	 estimate	 a	 trajectory.	 Results	 are	 provided	 as	 amounts	 of	 hazardous	 material	



















coastline,	 mapping	 of	 tourist	 areas,	 the	 businesses	 possibly	 affected,	 environmentally	
protected	areas,	sensitivity	estimations	of	species	in	the	area.		
	










VRAKA	–	 the	 comprehensive	model	 for	 risk	assessment	of	 shipwrecks,	was	developed	
based	 on	 the	 conclusions	 from	 Paper	 I	 and	 the	 framework	 for	 risk	 management	 of	
shipwrecks.	The	purpose	of	VRAKA	is	to	facilitate	risk	assessment,	including	risk	analysis	
and	 risk	 evaluation	 (Figure	 10).	 Risk	 analysis	 involves	 scope	 definition,	 hazard	
identification	and	risk	estimation.	Scope	definition	is	a	task	for	the	assessor,	i.e.	it	involves	
deciding	which	wrecks	will	be	included	in	the	assessment	while	hazard	identification	and	






















and	 available	 resources.	 Part	 I	 is	 described	 in	 Papers	 II‐IV	 and	 is	 summarised	 in	 this	































held	 as	 part	 of	 the	 process	 of	 developing	 the	 fault	 tree	method.	 The	 output	 from	 the	


















were	 interpreted	 as	 the	 90th	 percentile	 of	 beta	 distributions.	 The	 percentiles	 and	 the	
estimated	 parameters	 they	 are	 selected	 to	 represent	 are	 a	 way	 of	 representing	 the	
reliability	 of	 the	 expert	 judgements.	 A	 higher	 percentile	means	 that	 the	 probability	 of	
opening	is	more	certain	to	be	lower	than	the	expert	judgement.	The	shape	parameter	α	of	
the	 beta	 distribution	was	 set	 at	 a	 value	 of	 1,	 implying	 that	 the	most	 like	 value	 of	 the	
probability	of	an	opening	is	0.	This	was	estimated	to	be	reasonable,	giving	that	there	is	














the	 robustness	 of	 the	 wreck	 or	 environmental	 prerequisites	 on	 a	 scale	 from	 a	
‘considerably	better’	to	a	‘considerably	worse’	state.	In	total,	five	options	were	available.		
The	magnitude	of	 the	change	was	pre‐set	 in	 the	model.	This	 could	be	 repeated	by	 the	





















the	 cargo	was	 hazardous	were	 performed	 qualitatively.	 Possible	 choices	 ranged	 from	
Impossible	and	Very	low	to	Very	high	and	Certain.	It	was	also	possible	to	set	No	information.	
Values	 corresponding	 to	 the	 different	 classes	 were	 set	 by	 the	 authors	 enabling	
quantitative	description	of	uncertainties.	
	
The	certainty	of	 these	assessments	 from	Low	uncertainty	 to	High	uncertainty	was	also	
estimated.	All	assessments	regarding	the	volume	of	bunker	and	cargo	and	whether	the	












tree	contains	 the	same	potentially	hazardous	activities	as	 the	previous	 fault	 tree.	Each	
activity	 is	 again	 described	 in	 the	 form	 of	 frequency	 of	 occurrence	 and	 probability	 of	
opening.	However,	the	means	of	calculating	the	probability	of	opening	differs	(Figure	13).	
	



















wreck	 in	question	 is	 applied	 in	 the	model.	The	prior	probability	 of	 opening	due	 to	 an	
activity, ܲሺܨ௝ሻ,	is	thus	updated	based	on	the	status	of	the	site‐specific	and	wreck‐specific	
parameters	 to	 a	 posterior	 estimation	ܲ൫ܨ௝หݔଵ, … , ݔ௡൯.	 This	 facilitates	 a	mathematically	
correct	aggregation	of	the	probability	of	opening	and	indicators	concerning	the	specific	
site	and	wreck	and	is	enabled	by	the	expert	elicitation	(Paper	III).	The	model	has	thus	











	 	 	 	 	 	
The	 probability	 that	 hazardous	 substances	 are	 still	 contained	 in	 the	 wreck	 and	 the	
probability	that	the	cargo	is	hazardous	and	is	still	contained	in	the	wreck	is	estimated	in	
the	 same	 way	 as	 in	 Paper	 II.	 However,	 in	 Paper	 IV,	 the	 approach	 for	 modelling	 the	
uncertainty	of	these	parameters	is	altered.	The	probability	of	the	estimated	parameter	is	















to	 estimate	 the	 probability	 of	 a	 specific	 activity	 causing	 an	 opening	 in	 a	 shipwreck.	



































0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1



















oxygen	concentration	 N	 N	 N	 Y	 N	 N	 N	 N	
Average	bottom	water	
salinity	 N	 N	 N	 Y	 N	 N	 N	 N	
Average	bottom	water	
temperature	 N	 N	 N	 Y	 N	 N	 N	 N	
Average	bottom	water	
current	speed	 Y	 Y	 N	 Y	 N	 N	 N	 N	
Ship	use	 N	 N	 N	 Y	 Y	 Y	 Y	 N	
Average	hull	thickness	 Y	 Y	 Y	 Y	 Y	 Y	 Y	 Y	
Seabed	character	 Y	 N	 Y	 Y	 Y	 Y	 Y	 Y	
Wreck	position	on	
seabed	 Y	 N	 Y	 Y	 Y	 Y	 Y	 Y	
Depth	 Y	 Y	 N	 N	 Y	 Y	 Y	 Y	









Estimation	 of	 consequences	 in	 VRAKA	 can	 be	 performed	 in	 three	 tiers	 depending	 on	
available	resources,	data	and	demands	regarding	the	results.	In	tier	1,	risk	is	described	as	
the	expected	volume	of	oil	 and	potential	hazardous	 cargo	discharged.	Tier	2	applies	a	
matrix	 combining	 volume,	 distance	 to	 shore	 and	 shoreline	 sensitivity	 to	 estimate	 the	
consequence	(Table	4).	Risk	is	described	as	the	outcome	of	the	matrix	combined	with	the	
probability	of	discharge.	Tier	3	is	an	aggregation	of	results	from	Sea	Track	Web	for	oil	spill	











Volume < 10 m3 10 – 500 m3  > 500 m3  
Distance to shore > 10 nautical miles 1 – 10 nautical miles < 1 nautical mile 
Sensitivity Nearest shore is: Sandy, 
steep cliffs or rock walls 
or facilities. 
Nearest shore is: 
Cliff beaches, pebble, 
boulder or gravel 
beaches.  
Nearest shore is:  
Reed beds, meadows, 
fine sediment beaches. or 
mixed beaches 
	
Having	 the	opportunity	 to	 apply	 consequence	assessment	 in	 three	 tiers	 allows	 for	 the	
possibility	of	adapting	the	assessment	to	the	level	of	ambition	and	resources	available.	
0 2 4 6 8 10 12 14
Gamma: k = 0.91 = 0.81














This	 reasoning	 also	 brings	 us	 to	 a	 fundamental	 aspect	 of	 risk	 assessment	 and	
management.	 Developing	 models	 and	 performing	 risk	 assessment	 involves	 making	
decisions	and	choices.	Even	with	the	aim	of	keeping	this	process	free	from	bias	and	leaving	




Results	 from	 VRAKA	 can	 be	 used	 to	 compare	 wrecks	 and	 for	 deciding	 which	 wrecks	
warrant	action.	The	estimated	risk	can	be	compared	as	a	measure	itself	(tier	1)	or	the	two	













activity	 or	 reducing	 the	 consequences.	 VRAKA	 can	 for	 example	 be	 used	 to	 analyse	 a	
change	in	the	probability	of	discharge	of	hazardous	substances	by	reducing	the	frequency	
of	a	hazardous	activity	and	comparing	 the	risk	related	 to	 the	current	 frequency	of	 the	
activity	with	a	reduced	frequency.		
6.4. A	tool	for	applying	VRAKA	
VRAKA	has	 also	been	 realised	 in	 the	 form	of	 an	Excel‐based	 tool.	 It	 includes	 two	 files	
containing	a	number	of	sheets	that	guide	the	assessor	through	the	risk	estimation	(Figure	
































Potentially	 polluting	 shipwrecks	 are	 a	 growing	 environmental	 threat	 and	 adequate	












The	 framework	 was	 developed	 based	 on	 a	 comparison	 of	 identified	 methods	 and	
approaches	currently	applied	to	shipwrecks	(Paper	I).	It	was	shown	that	at	the	time	of	the	
study	 there	was	no	 comprehensive	method	 for	 shipwrecks	 and	none	 that	 facilitated	a	
quantitative	assessment.	The	analysis	was	further	developed	in	Chapter	3	of	this	thesis,	
which	 include	 additional,	 recently	 developed	 approaches.	 It	 was	 concluded	 that	
consequence	assessment	is	now	in	general	more	solid	but	there	is	no	fully	probabilistic	











Several	 methods	 for	 logical	 modelling	 exists.	 The	 fault	 three	 was	 chosen	 due	 to	 its	










that	 there	 is	hazardous	material	 inside	the	wreck.	Statistical	distributions	describe	the	




analysis	 facilitates	 an	 explicit	 representation	 of	 uncertainties	 in	 input	 data	 and	 their	
effects	on	the	model	outputs.	Sensitivity	analysis	makes	it	possible	to	identify	which	input	













Uncertainties	 can	be	 taken	 into	 account	 to	 some	extent	 in	 the	 latter	 two	 since	 the	 set	
values	in	the	sensitivity	matrix	are	provided	as	an	interval	and	the	oil	spill	trajectory	tool	









of	 oil	 and	 to	 illustrate	 how	 this	 estimation	 can	 be	 combined	 with	 different	 types	 of	


























There	are	no	regulations	or	criteria	specifying	when	a	wreck	 is	a	 threat	 to	 the	marine	
environment	 to	 the	extent	 that	measures	should	be	 taken,	unless	a	 larger	discharge	 is	
underway.	 The	 role	 of	 the	 decision‐maker	 is	 therefore	 very	 important	 and	 the	 risk	
evaluation	 and	 comparison	 of	 wrecks	 imperative	 for	 supporting	 decision	 regarding	
mitigation	measures.	VRAKA	can	be	applied	to	prioritise	mitigation	measures	by	analysis	





















































The	 problem	 of	 potentially	 hazardous	 shipwrecks	 is	 complex.	 Numerous	 authorities,	
companies,	universities	and	experts	are	involved.	The	Swedish	coastguard	will	act	if	oil	is	
found	 on	 beaches	 or	 on	 the	water	 surface,	 the	 Swedish	Maritime	 Administration	will	
remove	wrecks	 if	 they	 pose	 a	 threat	 to	 shipping	 traffic	while	 the	 Swedish	Agency	 for	
Marine	 and	 Water	 Management	 has	 overall	 responsibility.	 	 For	 a	 risk	 management	












important.	 It	 could	 be	 argued	 that	 “the	 assessor”	 rather	 should	 be	 a	 team	 in	 order	 to	









6.2,	 models	 and	 tools	 cannot	 be	 entirely	 free	 of	 bias	 and	 the	 influence	 of	 the	 model	
constructors.	To	cope	with	this	notion,	several	experts	have	been	involved	in	the	process	
at	numerous	occasions.	A	reference	group	has	been	in	place	throughout	the	process	and	
experts	 groups	 varying	 in	 size	 have	 contributed	 informally	 and	 formally	 to	 the	
development.		
	










example	 of	 such	 a	 method	 is	 SIMAP	 (McCay	 et	 al.,	 2004),	 which	 provides	
probabilistic	 estimates	 of	 consequences.	 	 Initial	 studies	 linking	 VRAKA	 to	 the	
SIMAP	method	has	been	performed	(Etkin	et	al.,	In	prep).	
	










 An	 interesting	 development	 of	 VRAKA	 would	 be	 to	 refine	 the	 estimation	 of	
environmental	consequences	and	also	provide	means	for	analysing	further	aspects	
such	as	the	season	during	which	the	spill	occurred	or	specific	endangered	animals	
potentially	 affected	 by	 a	 spill.	 It	 would	 also	 be	 profitable	 to	 include	 further	
socioeconomic	aspects	in	the	consequence	assessment.	
	
 In	 general,	 the	main	 focus	 of	 oil	 spills	 is	 on	 large	 acute	 spills.	 Small	 and	more	
continuous	spills	are	acknowledged	less	frequently.	However,	it	has	been	shown	
by	e.g.	Lindgren	et	al.	(2012)	that	small	inputs,	resulting	in	low	concentrations	of	
oil,	 also	 have	 a	 negative	 effect	 on	 microbial	 and	 meiofaunal	 communities.	












 Model	 development	 and	 risk	 assessment	 of	 potentially	 polluting	 shipwrecks	 is	
ongoing	in	several	other	countries.	There	are	many	possibilities	for	collaboration.	
Expert	elicitation	was	performed	with	a	focus	on	the	Swedish	wreck	population.	
However,	 the	 structure	 of	 the	VRAKA	model	 is	 generic	 and	 it	 could	 be	 applied	
internationally.	
	
 The	method	 and	 tool	 for	 probabilistic	 risk	 estimation	 of	 shipwrecks	 could,	 for	
























Expert	 elicitation	 was	 used	 to	 address	 the	 intrinsic	 uncertainties	 of	 risk	
assessment	 of	 shipwrecks.	 The	 information	 obtained	 has	 not	 previously	 been	
available	and	is	a	prerequisite	for	quantitative	risk	assessment	of	shipwrecks.	The	
information	provides	an	essential	foundation	that	can	be	updated	using	site‐	and	










The	 method	 enables	 estimation	 of	 the	 annual	 probability	 of	 discharge	 of	
hazardous	 substances	 from	 shipwrecks.	 Bayesian	 updating	 of	 a	 generic	
probability	of	opening	in	a	wreck	is	performed	based	on	influence	of	wreck‐	
and	 site‐specific	 indicators.	 The	 Bayesian	 approach	 enables	 a	 formal	
integration	 of	 expert	 judgement	 regarding	 potential	 hazards	 of	 different	
activities	with	available	data	on	the	occurrence	and	intensity	(frequency)	of	




















VRAKA	 is	 a	 comprehensive,	 structured,	 quantitative	 risk	 assessment	 model	 for	
shipwrecks	that	takes	uncertainties	into	account.	For	the	very	first	time,	the	probability	
of	discharge	can	be	quantified	and	combined	with	the	consequences	of	such	a	discharge	
to	 form	a	quantitative	 risk	 estimation	 for	 a	particular	 shipwreck.	A	number	of	 factors	
affecting	 the	 risk	 posed	 by	 shipwrecks	 have	 been	 identified	 and	 are	 included	 in	 the	
assessment.	The	structured	quantitative	model	also	implies	that	risk	assessment	can	be	
performed	consistently	for	all	the	wrecks	studied.	
The	 framework	 and	 model	 developed	 facilitates	 adequate	 and	 transparent	 risk	
assessment	for	shipwrecks,	thus	providing	support	for	reaching	well‐informed	decisions	
regarding	prioritisation	and	mitigation	measures	for	potentially	polluting	wrecks.	This	in	
turn	 facilitates	 more	 cost	 efficient	 risk	mitigation	 and	 efficient	 resource	 allocation	 to	
counter	this	environmental	threat.	
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